Production of soluble full-length nonstructural protein 5B (NS5B) of hepatitis C virus (HCV) has been shown to be problematic and requires the addition of salts, glycerol, and detergents. In an effort to improve the solubility of NS5B, the hydrophobic C terminus containing 21 amino acids was removed, yielding a truncated NS5B (NS5B⌬CT) which is highly soluble and monodispersed in the absence of detergents. Fine deletional analysis of this region revealed that a four-leucine motif (LLLL) in the hydrophobic domain is responsible for the solubility profile of the full-length NS5B. Enzymatic characterization revealed that the RNA-dependent RNA polymerase (RdRp) activity of this truncated NS5B was comparable to those reported previously by others. For optimal enzyme activity, divalent manganese ions (Mn 2؉ ) are preferred rather than magnesium ions (Mg 2؉ ), whereas zinc ions (Zn 2؉ ) inhibit the RdRp activity. Gliotoxin, a known poliovirus 3D RdRp inhibitor, inhibited HCV NS5B RdRp in a dose-dependent manner. Kinetic analysis revealed that HCV NS5B has a rather low processivity compared to those of other known polymerases.
Hepatitis C virus (HCV) is currently the leading etiological agent of non-A non-B hepatitis. According to a press release from a recent World Health Organization meeting, more than 170 million people worldwide may be infected with HCV. About 80% of patients with acute HCV infection will progress to chronic hepatitis; 20% of these will develop cirrhosis, and 1 to 5% of these will develop hepatocellular carcinoma (28a). More than four million individuals in the United States are estimated to be infected with HCV (2) .
Current therapies with alpha interferon alone and the combination of alpha interferon-ribavirin have been shown to be effective in a portion of patients with chronic HCV infection (20, 24) . Vaccine development has been hampered by the high degree of immune evasion and the lack of protection against reinfection, even with the same inoculum (7, 14, 26, 29) . Development of small molecule inhibitors directed against specific viral targets has thus become the focus of anti-HCV research. The determination of crystal structures for NS3 protease (16, 19, 30) and NS3 RNA helicase (15, 31) has provided important structural insights for rational design of specific inhibitors.
One key enzyme encoded by HCV is NS5B, which has been shown to be an RNA-dependent RNA polymerase (1, 4, 6, 17, 32) . NS5B is thus believed to be responsible for genome replication of HCV. Cellular localization studies revealed that NS5B is membrane associated and distributed in the perinuclear region (12) . This coincides with the distribution of NS5A (27) , suggesting that NS5A and NS5B may stay together after proteolytic cleavage at NS5A/NS5B. It has been postulated that the nonstructural proteins of HCV (NS3 to -5B) may assemble into membrane-associated replication complexes which are competent for authentic RNA genome replication.
By itself, HCV NS5B RdRp appears to lack the specificity for HCV RNA and can "copy back" heterologous nonviral RNA (4) . This lack of specificity for HCV RNA may reflect the notion that additional viral or cellular factors are required for specific recognition of the replication signal, most likely present at the 3Ј untranslated region. Recent studies by Lohmann et al. (17) demonstrated that NS5B alone can replicate the entire HCV genome via a copy-back mechanism initiated from the end of the 3Ј untranslated region.
Our earlier attempts to express and purify full-length NS5B were hampered by its poor solubility. Recent reports demonstrated that detergents, salts, and glycerol are required to solubilize the NS5B protein (4, 6, 17) . The hydropathy profile of NS5B revealed that there is a highly hydrophobic domain at the C terminus (Fig. 1A) , which may affect the solubility of NS5B. In an effort to improve the solubility of NS5B, the C-terminal hydrophobic domain containing 21 amino acids was removed and the truncated protein was compared in parallel with the full-length NS5B for expression and purification.
To facilitate the purification, both full-length NS5B and Cterminally truncated NS5B were expressed as polyhistidine (HisϪ)-tagged fusion proteins. The N-terminally tagged proteins are designated His-NS5B or His-NS5B⌬CT21, whereas the C-terminally tagged proteins are designated NS5B-His or NS5B⌬CT21-His. The results in Fig. 1B show that the Cterminally truncated NS5B, NS5B⌬CT21-His, derived from the BK (HCV-1b) isolate, is soluble and yields good purification when applied to a nickel-chelated (Ni-nitrilotriacetic acid [NTA]) column (lanes 12 to 15, elution fractions 1 to 4). On the other hand, the full-length NS5B, His-NS5B, is not soluble under the lysis conditions and thus not purifiable on an Ni-NTA column (lanes 5 to 8). The expression levels for both proteins were comparable in the total lysates as detected by Western blot analysis (data not shown). Further studies using NS5B from a different isolate, H77 (HCV-1a), showed the same results. The full-length NS5Bs (His-NS5B and NS5B-His) are not soluble with little, if any, purification over the Ni-NTA column (Fig. 1C, lanes 8 to 19) , whereas the truncated protein (NS5B⌬CT21-His) has good solubility and can be purified readily (Fig. 1C, lanes 2 to 7) . Attempts to purify the full-length NS5B from the bacterial lysates by the protocols described by Lohmann et al. (17) failed, possible due to the problem that full-length NS5B expressed in bacterial cells ac-cumulated in the inclusion bodies, which are resistant to the solubilization method.
The truncated proteins were further subjected to a more stringent solubility test by ultracentrifugation at 100,000 ϫ g for 30 min. The results (Fig. 2 , lanes 3 and 4 and 6 and 7) demonstrated that the truncated proteins remained in the supernatant under these conditions in the presence or absence of detergent (0.1% octyl-␤-glucoside). The location of the His tag does not affect the solubility (His-NS5B⌬CT21 versus NS5B⌬CT21-His), and the His tag can be removed without any loss of solubility (data not shown). In a separate experiment, glycerol (10%) was dialyzed out of the protein samples and no significant loss of solubility was observed. In fact, a high concentration of salt (NaCl at Ն300 mM) is the only essential requirement for solubility. The truncated proteins were well monodispersed in solutions containing high concentrations of salt as detected by light scattering analysis (data not shown). The above results suggest that the entire or part of the 21-amino-acid domain at the C terminus plays an important role in determining the solubility of NS5B. Its removal improves the solubility of NS5B in a detergent-glycerol-free and strain-independent manner.
To map the minimum sequence in the 21-amino-acid domain that is responsible for the lack of solubility, amino acids from the hydrophobic domain were added back sequentially to the C terminus of truncated NS5B (Fig. 3A) . The resulting proteins were expressed, and the soluble lysates were applied to the Ni-NTA columns for affinity purification. Figure 3B shows that up to 5 amino acids can be added back to the truncated NS5B without significant loss of purifiable proteins (lanes 10 and 13, representing His-NS5B⌬CT19 and His-NS5B⌬CT16). However, when an LLLL motif was added back, it rendered the protein (His-NS5B⌬CT12) virtually unpurifiable (lane 16), indicating a dramatic reduction in solubility. Adding back additional amino acids (in His-NS5B⌬CT7 and Parallel expression and purification of full-length and truncated NS5B from HCV-1b, the BK isolate. NS5B cDNAs were cloned into the pET-21b vector (Novagen, Inc.) between the NheI and XhoI sites. The resulting plasmids were transformed into the bacterial host, JM109(DE3), for expression driven by T7 polymerase. Induction by 0.2 mM isopropyl-␤-thiogalactopyranoside (IPTG) was carried out at 24°C for 4 h. Polyhistidine tags (HisϪ) were engineered into the NS5B clones at either the N terminus or the C terminus to facilitate the purification. All engineered NS5B plasmids were verified by sequencing with the automated sequencer (ABI 377) from Perkin-Elmer (Foster City, Calif.). The purification procedures were similar to those previously reported for the purification of the NS3 protease domain (16) with minor modifications. Protein samples in lanes 2 to 8 are from the fulllength His-NS5B, and those in lanes 9 to 15 are from the truncated NS5B⌬CT21-His. Lanes 2 and 9, total soluble lysates; lanes 3 and 10, flowthrough unbound proteins; lanes 4 and 11, proteins from high-salt wash; lanes 5 to 8 and 12 to 15, elution fractions off the Ni-NTA resin. (C) Parallel expression and purification of full-length and truncated NS5B from HCV-1a, the Hutchinson (H77) isolate. The NS5B cDNAs were cloned into pET-28a between 14, total soluble lysates; the NcoI and XbaI sites. Lanes 2, 8, and FIG. 2. Solubility analysis of the truncated NS5B proteins. RCF represents relative centrifugal force (g force). Protein samples were subjected to ultracentrifugation at 100,000 ϫ g for 30 min (at 4°C) with a Beckman Optima TLX Benchtop Ultracentrifuge (in a TLA-45 rotor at a speed of 41,000 rpm), in the presence (ϩ) or absence (Ϫ) of a nonionic detergent, 0.1% octyl-␤-glucoside. Polyclonal antibodies (␣-NS5) raised in rabbits were used for the Western blotting analysis as described previously (11) in lanes 8 to 13. lanes 3, 9, and 15, flowthrough unbound proteins; lanes 4, 10, and 16, high-salt wash; lanes 5 to 7, 11 to 13, and 17 to 19, elution fractions. M.W., molecular weight.
His-NS5B⌬CT2) failed to improve its solubility. These results demonstrate that the LLLL motif-containing proteins, His-NS5B, His-NS5B⌬CT2, His-NS5B⌬CT7, and His-NS5B⌬CT12, have reduced solubility compared to those that lack the motif, suggesting that the LLLL motif contributes to the insolubility of NS5B. Multiple alignments of the C-terminal domains from different genotypes of HCV revealed that this LLLL motif is absolutely conserved.
Further truncations from the C-terminal end of NS5B were constructed, and the resulting proteins, NS5B⌬CT55-His, NS5B⌬CT63-His, NS5B⌬CT70-His, NS5B⌬CT77-His, NS5B⌬ CT84-His, and NS5B⌬CT92-His, were subjected to the same purification procedures as that for NS5B⌬CT21-His. Only NS5B⌬CT55-His and NS5B⌬CT63-His could be purified from the soluble lysates, whereas the further truncated proteins were not soluble and thus unpurifiable (data not shown). We concluded that at least 63 amino acids can be removed from the C terminus without significant loss of solubility, whereas deletions of more than 70 amino acids lead to insoluble products. Similar results were reported by Lohmann et al., who demonstrated that 55 amino acids could be deleted without loss of activity, whereas NS5B with 84 amino acids deleted could not be purified (17) .
To characterize the activity of these soluble NS5B proteins, an RNA-dependent RNA polymerase assay was developed with poly(C) as the template and biotinylated oligo(G) 12 as the primer. Incorporation of [ 3 H]GMP into the primer was measured by the scintillation proximity assay (SPA) after the end products were captured by streptavidin-coated SPA beads (illustrated in Fig. 4A ). Under our optimized assay conditions, similar to those described by others (4, 17), NS5B⌬CT21-His was shown to catalyze ribonucleotide polymerization (RNA synthesis) in an RNA template-dependent and primer-dependent manner. With the activity of NS5B⌬CT21-His normalized to 100% (incorporation of ϳ6,500 cpm with 0.25 g of poly(C)-25 ng of oligo(G) 12 , 5 M or 0.05 Ci of GTP, and 50 nM NS5B RdRp at room temperature for 3 h with approximately 10% product formation), the activities of other soluble NS5B proteins were compared (Fig. 4B) . The background of this assay was very low at less than 50 cpm. The comparison showed that (i) the truncated NS5Bs with 55 or 63 amino acids deleted (NS5B⌬CT55-His and NS5B⌬CT63-His, respectively) were consistently more active than NS5B⌬CT21-His; (ii) truncations with 19 and 16 amino acids deleted (His-NS5B⌬CT19 and His-NS5B⌬CT16, respectively) did not affect or slightly reduced activities compared to that of His-NS5B⌬CT21; (iii) the C-terminally tagged proteins (NS5B⌬CT21-His) are about fourfold more active than the N-terminally tagged proteins (His-NS5B⌬CT21); and (iv) NS5Bs from the BK (HCV-1b) 3 H]GMP into the biotinylated RNA products of NS5B which can be captured by the streptavidin-coated SPA beads. The assay conditions were similar to those of a previously described protocol with modifications (4). The assay was carried out at room temperature (Ϸ22°C) for 3 h in a final reaction volume of 50 l and stopped by adding 50 l of 100 mM EDTA in phosphate-buffered saline. Unless specified, 50 nM RdRp enzymes were used in the assay containing 250 ng of poly(C)-25 ng of oligo(G) 12 isolate are about 5-to 10-fold more active than those corresponding ones derived from the H77 (HCV-1a) isolate. Recent studies by Lohmann et al. also demonstrated that the N terminus of NS5B is important for the RdRp activity and that deletion from the N terminus is detrimental to the RdRp activity (17, 18) . Interestingly, the N terminus of poliovirus 3D is also very sensitive to deletion (8, 23) as well as modification: adding two amino acids (alanine and serine) to the N-terminal glycine residue completely abolishes the 3D RdRp activity (10) . It has been suggested that the N terminus of poliovirus 3D plays an important role in oligomerization of the polymerase, which is believed to be the functional unit of the viral replicase (8, 21) .
Previous reports showed that divalent magnesium ions (Mg 2ϩ ) were required for NS5B RdRp activity (4, 17) . We further investigated the divalent metal ion requirement of HCV NS5B. Our data showed that manganese ions (Mn   2ϩ   ) were, in fact, approximately four times more effective than Mg 2ϩ in coordinating the catalytic reaction of NS5B RdRp and thus preferred for optimal RdRp activity (Fig. 5A) . Zinc ions (Zn 2ϩ ), on the other hand, not only failed to support the RdRp activity but also inhibited the Mn 2ϩ -Mg 2ϩ -dependent RdRp with a 50% inhibitory concentration of approximately 60 M (Fig. 5B) . In contrast, the assay conditions for poliovirus 3D RdRp consist of zinc ions (60 M) (9) . Given that polymerases require divalent metal ions for activities (3, 13) , inhibition by zinc ions presents several interesting scenarios: (i) is Zn 2ϩ a potent competitor of Mg 2ϩ or Mn 2ϩ for binding to the carboxylate cluster formed by the side chains of three aspartic acids from motif A and C (8), or (ii) does Zn 2ϩ bind to somewhere other than the active site, which allosterically hinders the nucleophilic attack on the ␣-phosphate by the 3Ј hydroxyl group of the primer? If the first scenario is true, Zn 2ϩ has to be supercompetent in competing for binding, since the concentration of Mg 2ϩ or Mn 2ϩ (5 to 10 mM) is much higher than that of Zn 2ϩ (50% inhibitory concentration Ϸ60 M). Interestingly, a calcium ion (Ca 2ϩ ) was found in the crystal structure of poliovirus 3D polymerase coordinated by the carboxylate ligands at the active site (8), even though Ca 2ϩ does not support the RdRp activity of 3D polymerase.
Michaelis-Menten steady-state kinetics were analyzed to characterize the enzymatic activity of NS5B RdRp. In a polymerase reaction, multiple substrates including a templateprimer complex and a ribonucleotide are involved. Reaction at each step follows, presumably, a sequential order: the polymerase binds to the template-primer first to form a binary complex which then takes up a nucleotide to form the catalytically competent ternary complex (5, 13) . To determine the kinetic parameters for one substrate, the enzyme has to be saturated by the other. Also, the product formation has to be limited to less than 10%. The initial velocities (v) at increasing amounts of each substrate were determined. The data were processed and analyzed with kinetics software (k⅐cat, version 1.5; BioMetallics, Inc.). 12 ]. To determine the K m and the turnover rate (k cat ) for the nucleotide (GTP), saturating amounts of template-primer at 1.25 g of poly(C)-0.125 g of oligo(G) 12 were used. As shown in Fig. 6B , the K m for GTP was calculated at 52 M and the k cat is about 0.3 min Ϫ1 , indicating that NS5B has a rather low processivity. The low k cat value might be in part due to the use of unnatural substrate in an assay measuring both the rate-limiting initiation step and the elongation step (which normally has a higher turnover rate). In a recent report by Lohmann et al., the elongation rate for HCV RdRp was determined at about 150 to 200 nucleotides per min (18) . This estimate was based on the size increase of the RNA product as a function of time. However, the number of NS5B molecules required for achieving this elongation rate was not determined. A similar study was also conducted to estimate the elongation rate for poliovirus RdRp at about 1,250 nucleotides per min (28) . However, it is difficult to compare such elongation rates (different from k cat values) from these in vitro assays which were carried out under different conditions (for example, the differences in temperatures or the amount of enzymes, etc.). In fact, when we increased the assay temperature from room temperature (ϳ22°C) to 30 or 37°C, the k cat value for HCV NS5B RdRp was significantly increased (data not shown).
Finally, a panel of known polymerase inhibitors was screened for inhibition of HCV NS5B RdRp. Gliotoxin, a natural product (fungal metabolite), was found to inhibit HCV NS5B RdRp in a dose-dependent manner (Fig. 6B) . Interestingly, gliotoxin also inhibited poliovirus 3D RdRp with a similar potency (25) , suggesting that gliotoxin may be an RdRpspecific inhibitor. A recent report by Paul et al. further demonstrated that gliotoxin inhibited both priming (uridylylation of VPg) and elongation mediated by 3D polymerase (22) . The kinetic study demonstrated that gliotoxin is a mixed non- (Fig. 6B) .
The major finding in this report is the identification of a hydrophobic domain at the C terminus of NS5B and mapping of a conserved LLLL motif in this domain which significantly affects the solubility on NS5B. Although we have characterized the solubility of the truncated NS5B extensively, a similar solubility test for the full-length NS5B has not been performed due to our inability to purify the products from bacterial lysates. In a previous report, full-length NS5B products were solubilized from insect cell lysates in the presence of high concentrations of salt, detergent, and glycerol (17) . We failed to solubilize similar full-length NS5B products expressed in bacterial cells. This may be due to the problem that insoluble NS5Bs produced in bacterial cells accumulate in the inclusion bodies and can be purified only under denaturing conditions. Interestingly, in a recently published report, the full-length NS5B solubilized in salt, detergent, and glycerol appeared to form high-molecular-weight aggregates (18) which were unlikely to remain in solution upon ultracentrifugation.
Also, a highly sensitive and quantitative SPA was developed to characterize the RdRp activity. We have demonstrated that the truncated NS5B from Escherichia coli is as active as those NS5Bs produced in insect cells reported previously (4, 17) , based on a comparison of radioactivity incorporation under each assay condition. Another important finding is that Mn 2ϩ , rather than Mg 2ϩ , is preferred for optimal RdRp activity, whereas Zn 2ϩ is inhibitory. Whether there are any differences in RdRp activities among NS5Bs expressed in various systems will be the subject of a future study. Finally, NS5B RdRp activity is sensitive to the presence of gliotoxin, a fungal metabolite. It is a known inhibitor of poliovirus 3D RdRp (22, 25) . Based on our kinetic analysis, gliotoxin is a mixed noncompetitive inhibitor and is not potent. More importantly, it is a very toxic compound with limited pharmaceutical uses. However, a better understanding of its mechanism of action against RdRp may shed light on the structural and enzymatic characterization of RdRp.
